INTRODUCTION
Acute stroke (AS)-induced cardiac injury is of utmost clinical importance. Adverse cardiac events are the second leading cause of death during the acute phase after stroke and are important determinants for long-term survival [1] . AS can induce cardiac injury which presents with elevated concentrations of cardiac biochemical markers, ST-segment deviations, T wave inversion, Q waves, and abnormal left ventricular (LV) function. No definite guidelines are currently available regarding the management of cerebrocardiac syndrome (CCS). This case illustrates the marked electrocardiogram (ECG) changes that are seen with intracranial hemorrhage and that can lead to an erroneous diagnosis of acute myocardial ischemia. It is crucial to interpret cardiac injury in the context of the clinical presentation. The aim of our systematic review is to summarize the mechanisms and characteristics of CCS in the setting of AS and raise awareness of CCS among physicians.
CASE PRESENTATION

Chief complaints
A 37-year-old male patient with a background of hypertension was admitted to our emergency department with sudden dizziness and left limb weakness. Non-jet vomiting occurred before transfer to our hospital for further management, and the vomitus was gastric content. He reported no trauma, fever, or coma, he was a nonsmoker, and he had no history of drug use or cardiac events. The patient was immediately subjected to a non-contrast computed tomography (CT) scan of the brain, which revealed hemorrhage in the occipital and parietal lobes. The diagnosis of intracerebral hemorrhage (ICH) was made. He developed sudden onset chest tightness, shortness of breath, and occasional chest pain behind the sternum around 48 h after emergency hematoma evacuation. The pain was stuffy in nature and did not radiate to other places. His symptoms continued to worsen gradually, until breath sounds were observed when the patient was sitting up. There were no severe symptoms of dyspnea, cough, hemoptysis or sputum (a characteristic pink frothy sputum is often produced).
History of present illness
The patient's medical history was only hypertension; he had not been treated regularly, and the blood pressure control was unknown. There was no other history of illness or medication.
Physical examination
The patient had warm extremities with hemodynamically stable blood pressure maintained at 128/73 mmHg and a heart rate of 77 beats per minute (bpm) on initial assessment. He was breathing smoothly on room air with clear lungs. His cardiac examination was normal and did not show any murmurs or gallops.
The physical examination was unremarkable, except for the low left limb muscle tension and the third limb muscle strength. The physical examination was carried out when the patient suffered from chest tightness. On further examination, his heart rate was faster than 100 bpm and his blood pressure had risen to 150/90 mmHg; other general conditions were stable. However, when the patient was breathing in a sitting position, auscultation revealed abnormal breath sounds, which manifested as obvious bilateral bubbling rales in the lower part of the lungs.
Laboratory examinations
The serum level of creatine kinase (CK) was 837 U/L (reference range, 38-174 U/L), that of CK isoenzyme was 26 U/L (reference range, 2-25 U/L), lactate dehydrogenase (LDH) was 269 U/L (reference range, 109-245 U/L) and hydroxybutyrate dehydrogenase (HBDH) was 249 U/L (reference range, 72-182 U/L) at admission; other blood values were within the normal range. When the symptoms of chest tightness worsened, the patient's blood was immediately checked for any sign of heart failure (HF). The laboratory examination showed the concentration of Nterminal pro b-type natriuretic peptide (NT-proBNP) was 493 pg/mL (reference range, < 85 pg/mL). Myocardial enzyme levels, including cTnI, did not exhibit normal values after serial determination: the cTnI level was increased to 0.175 ng/mL in the resting state (reference range, < 0.06 ng/mL), the CK level was 660 U/L, the CK-MB level was 26 U/L, LDH was 298 U/L, and HBDH was 271 U/L. Repeated measurements 5 d later showed the values had decreased: CPK, 49 U/L; CK-MB, 12 U/L; LDH, 231 U/L; and HBDH, 187 U/L ( Figure 1 ).
Imaging examinations
On admission, the emergency cerebral CT image revealed cerebral hemorrhage in the occipital and parietal lobes ( Figure 2 ), while the initial 12-lead ECG ( Figure 3A ) revealed a normal sinus rhythm and a regular rate within the normal range; however, T wave inversions and ST segment in leads V5 and V6 were already observed.
We made another ECG at the onset of chest tightness. It is notable that the ECG demonstrated extensive depression of the ST segment and T wave inversion, suggestive of myocardial injury. At this time, there was a prolongation of the corrected QT interval (QTc, 487 ms) ( Figure 3B ). But at this time, the chest radiograph showed no bilateral patchy opacities that are typical of pulmonary edema and consistent with the breath sounds when the patient was in a sitting position ( Figure 4 ).
In sum, the working hypothesis of a non-ST elevation myocardial infarction (NSTEMI) could be established. Further cardiological investigations, including coronary arteries with CT angiogram (CTA) of the coronary arteries, were needed to make a definite diagnosis. Considering the patient was in acute stage of ICH, coronary angiography was not timely completed.
A coronary CTA and echocardiogram (ECHO) were made at 72 h after the initial symptoms when the patient's chest discomfort disappeared. The ECHO revealed normal sized chambers with an ejection fraction of 60% and showed no significant valvular abnormality or any wall motion abnormality ( Figure 5 ). Coronary arteries did not reveal any sign of obstruction or significant narrowing ( Figure 6 ). Another 12lead ECG was made 11 d after the patient's symptoms improved, by this time, the patient had returned to the same state as at admission with the recovery of ICH, but the QTc interval was now prolonged (QTc, 424 ms).
FINAL DIAGNOSIS
Based on all observations described in the previous sections, we diagnosed the patient with CCS.
TREATMENT
In view of the acute hemorrhage, anticoagulation treatment was not given because the hemorrhagic risk would outweigh the antithrombotic benefits. We reduced the symptoms (and the patient's discomfort) using a basic symptomatic treatment with vasodilators.
OUTCOME AND FOLLOW-UP
The patient's eventual neurological outcome was excellent, with resolution of symptoms; the patient was discharged from the hospital and has been in a stable condition until the publication of this report. However, the patient declined further evaluation. 
DISCUSSION
Cardiac involvement following acute central nervous system (CNS) is common regardless of the condition of cerebral involvement. A prolonged QT interval, STsegment deviations, T wave changes, increased NT-proBNP, raised cardiac biomarkers and/or abnormal LV function are observed in up to one third of the acute cerebrovascular events [2] . The changes may be similar to those observed in myocardial infarction (MI) but are not necessarily identical to coronary thrombosis. The current study demonstrates that there are two sites associated with stroke-related myocardial injury, that is, the right insular cortex (posterior, medial, and superior areas) and the right inferior parietal lobe [3] . The insular cortex is involved in the control of the cardiac autonomic nervous system, which can cause myocardial damage in stroke patients [4, 5] . In contrast to the insula, the link between the right inferior parietal lobe and myocardial injury is currently not known. Timely and accurate differential diagnosis is essential, especially in unconscious patients showing signs similar to those of myocardial ischemia. It may prove useful to continue cardiac examination in patients with signs of cardiac involvement during acute cerebrovascular events in order to exclude concomitant ischemic heart disease. The etiopathological basis of strokerelated myocardial injury is not fully understood. Until recently, neurogenic stunned myocardium (NSM) was defined as the myocardial injury and dysfunction of a sudden onset, occurring after acute brain disease as a result of autonomic disturbances, which may be responsible for the cardiac injury after stroke [6, 7] . The clinical features observed include arrhythmia, myocardial necrosis, ECG changes, pulmonary edema, and acute left HF which is not uncommon to progress to cardiogenic shock [8] . 
Pathology/pathophysiology
Oppenheimer et al [9] induced ECG changes in rats similar to those found after ischemic stroke, supporting the notion of neurogenic cardiac injury. NSM, which can develop in any acute CNS pathology, has a poorly understood pathology [8] . Most models for the etiopathology of NSM involve a subarachnoid hemorrhage (SAH) [10] . ECG changes and elevations in cardiac enzyme levels, indicating autonomic nervous dysfunction, are also observed after ICH, but there is a paucity of data on the occurrence of this condition [11] . The peripheral mechanisms of CCS are generally considered to involve brain-induced autonomic dysfunction, neuroendocrine dysregulation, and systemic inflammatory processes, whereas the central mechanisms are largely unknown. [12] put forward the hypothesis of sympathetic overload, that is, central neuropathy leads to autonomic dysfunction and enhances catecholamine release from the neural terminals. This hypothesis explains the cardiac damage described in NSM. Stroke leads to the dysfunction of the autonomic nervous system stimulating the hypothalamus-pituitary-target gland axis, causing sympathetic-adrenal system hyperfunction, enhanced by the stress response, and increased levels of catecholamine in the body, which can act as an index of sympathetic activity in studies of neurological incidents [13] [14] [15] . While catecholamines have a positive inotropic effect on the myocardium under normal conditions, oversecretion can lead to hypermetabolism, and hyperdynamic circulation can lead to cardiac disorders. Plasma catecholamines levels can be up to 20 times higher in NSM patients compared to normal individuals [16] . Excessive catecholamine levels can cause cardiac damage through ischemia by increasing the myocardial oxygen demand or causing coronary vasospasms. However, venous plasma catecholamines may not be an accurate index of sympathetic activity [15] . Local and abnormally sharp increases in catecholamine concentration lead to coronary vasoconstriction and microvascular dysfunction and hence to necrosis of cardiac myocytes and changes in contractile function of cardiac myocytes [17] . In addition, cardiac injury can occur in the form of direct cardiotoxic effects due to the local increase in catecholamines [18] . β-adrenergic receptors are stimulated by increased catecholamines levels, which subsequently lead to (over)activation of calcium channels, and release of free radicals and peroxide in cells, and lower adenosine triphosphate levels, accelerating mitochondrial dysfunction and resulting in cardiomyocyte death.
Autonomic dysfunction and neuroendocrine dysregulation: Laowattana et al
Inflammation-mediated myocardial injury:
A rise in stroke-induced inflammation represents the second major NSM induction pathway. It has been shown by some studies that immunologically active components (including cytokines, tumor necrosis factor, adhesion molecules, and bioactive peptides) are produced in the brain and released into the circulation, where they may cause systemic inflammatory response syndrome, leading to dysfunction of most organs, including the heart [19, 20] . Conclusive evidence of this phenomenon was observed in patients receiving heart transplants from donors, with higher mortality rates in patients who receive heart transplantation from non-traumatic ICH donors [21] . Further research has shown that cardiac myocytes of transplanted hearts from ICH donors have a higher expression of matrix metalloproteinases, markers of early inflammatory states [22] . Inflammatory reactions can facilitate the smooth entry of enzymes from brain cells into the blood, crossing the blood-brain barrier. In addition, recent studies have shown that the parasympathetic nerve system may also mediate cardiomyocyte damage in stroke by modulating the myocardial inflammatory response through acetylcholine receptors [23] .
Although the specific mechanism by which changes to the autonomic nervous system are affected remains unclear, it is known that persistent sympathetic dysfunction with excessive catecholamine release and inflammation can aggravate myocardial injury, increase serum myocardial enzyme levels, and result in cardiac insufficiency [24] . Moreover, most of the stroke patients are treated with diuretic, and eating difficulties can lead to insufficient blood volume and hemorheological and hemodynamic changes, and the abnormal secretion of antidiuretic hormone due to cerebral hemorrhage involving the hypothalamus can lead to electrolyte disturbances (especially hypokalemia and hypomagnesemia), which can affect and aggravate CCS.
A consequence of autonomic imbalance with a concomitant increase in the release of catecholamines and inflammatory factors is the abnormal myocardial contraction and metabolism. Further evidence for neurogenic myocardial injury has come from histopathological findings in animals after occlusion of the middle cerebral artery [25, 26] . The hallmark pattern of stroke-related diffuse myocardial damage is micro-islands of necrosis with monocyte infiltration and subendocardial hemorrhage, which is often referred to as myocytolysis [27] . Unlike the delayed coagulative necrosis of the myocardium along the vascular distribution area seen in myocardial ischemia of CAD, myolysis of NSM is concentrated near the nerve endings.
Clinical manifestations
Patients with cardiac involvement can present with chest pain, dyspnea, and syncope in the acute phase, accompanied by ECG changes (such as ST-segment changes and a prolonged QT interval) and laboratory evidence (such as elevated troponin and BNP levels). These non-specific manifestations are similar to those of acute coronary syndrome (ACS). Patients with stroke or ACS have many risk factors in common. Thus, stroke and ACS may occur simultaneously. The typical clinical presentation is absent in stroke patients with myocardial injury, especially in stroke patients with cognitive or language impairment, and many symptoms of myocardial ischemia are less likely to be noticed. Though symptoms of myocardial ischemia may be atypical or concealed by neurological deficits, it is common for hemodynamic instability or even sudden death to occur [28] . Other clinical manifestations are mostly associated with autonomic dysfunction, which can be manifested as sympathetic hyperfunction, including shortness of breath, hypertension, fever, sweating, chills and dilated pupils.
Clinical evaluation
An increment in cardiac troponin (cTn) levels above the upper reference limit, abnormal LV function, increased NT-proBNP levels, ST-segment deviations, and a prolonged QT interval have been reported in up to one-third of patients with acute cerebrovascular events [2] . Based on the literature these signs may represent an acute release of catecholamine and inflammatory markers, provoked by the cerebrovascular events itself and not by coronary thrombosis [29, 30] .
Despite the variety of diagnostic tests available, the ECG remains the mainstay in the initial. The 12-lead ECG is an integral part of the diagnostic procedures of patients with acute chest discomfort. Patients with a history of CAD and hypertension are more likely to exhibit ECG alterations after acute encephalopathy [31] . Among unselected AS patients, repolarization and ischemic-like ECG changes are regular, being present in more than 90% of unselected patients, but the prevalence was much lower after exclusion of preexisting cardiac diseases (approximately 30%-40%) [32] .
Myocardial ischemic-like ECG changes include ST-segment deviations, T wave inversion, and Q-waves. The earliest manifestations of myocardial ischemia typically involve T waves and the ST segment. It is believed that ECG changes in CCS most often represent preexisting ischemic cardiac disease [32] . Indeed, ST inversions, suggestive of myocardial ischemia, are significantly more common in patients with elevated troponin levels [33] . In contrast to ECG changes due to ACS, neurogenic cardiac injury occurs later, reaching a maximum within one week after disease onset, mostly within 48 h, evolves over several days, and disappears in 2 wk with the improvement of the stroke [27, 34, 35] . Therefore, the mainstream view is that these ECG abnormalities are reversible, transient, and not related to CAD. Although most ECG changes are benign and do not require treatment, it is very important to exclude the causes of cardiovascular changes, especially for high-risk patients with cardiovascular diseases.
Despite the high sensitivity, ST-segment deviation has poor specificity since it may be observed in many non-cardiac conditions. The interpretation of ECGs of these patients may be a real challenge. In this setting, some aspects such as clinical features and biomarkers of myocardial necrosis may play an important role. Cardiac biochemical markers of NSM include CK, CK-MB, troponin, and BNP. Unlike acute MI, in which CK-MB peaks and decreases within the first 24 h of coronary artery occlusion, stroke-induced elevation of CK-MB levels occurs more gradually and peaks at much lower levels [34, 36] . However, because of many confounding factors affecting CK-MB levels, it is generally believed that the increase of CK-MB in stroke patients is non-cardiac in origin [37] . Cardiovascular detection should be strengthened to identify any ACS events in patients with elevated CK-MB levels.
cTn is sensitive and specific marker for myocardial damage and for risk stratification of patients with ACS [38] . In patients with suspected ACS, cTn (cTnT and cTnI) are superior to all other markers, including the ECG, in diagnosing myocardial necrosis [39, 40] ; it is only expressed in cardiac myocytes, it is rapidly released from myocytes following myocardial damage, and it persists for several days. About 88% of patients with elevated troponin levels have suffered a stroke within the right middle cerebral artery territory involving the insular cortex [3] . These minor releases of cTn might be due to transient and reversible myocyte necrosis and subendocardial hemorrhages in scattered of microlesions, which is called myocytolysis, but not due to coronary thrombosis [29, 30] . Although in some patients with AS, increased troponin concentrations might indicate coronary ischemia, in others, it is almost certainly is indicative of neurogenic-induced cardiac injury [41] . There is currently no test available to distinguish whether elevated troponin is due to concurrent exacerbation of CAD or neurogenic cardiac involvement. In patients with cardiac injury after stroke, most cTn concentrations in CCS are modest, even though an obvious abnormal contraction is observed [8] . On the contrary, cTn levels typically reach concentrations of up to 50 times the upper reference limit when measured 18-24 h after ACS [42] . This finding helps to differentiate NSM from MI to some extent. Hence, troponin levels might be useful to identify AS patients who need early treatment for CAD and more intensified secondary prevention.
Patients with stroke or ACS have many risk factors in common, especially patients with ischemic stroke (IS). When using both cTnT levels are above the diagnostic limit and ST-T changes satisfy the diagnostic criteria of acute MI, stroke and acute MI were found simultaneously in 3% of patients in an IS cohort, but patients with a history of CAD were excluded [43] . The probability of ICH remains unclear. A prospective study has shown that most AS patients with elevated cTn levels have fewer coincident ACSs than those with NSTEMI, and about half of them show no evidence of obstructive CAD [44] . In addition, although they have similar baseline troponin levels and GRACE scores (both correlating with severity of coronary lesions and TIMI flow rates in ACS patients), the overall burden of coronary lesions is lower in AS patients than in NSTE-ACS patients [44] .
LV systolic dysfunction can present in AS [41] . A regional wall motion abnormality is most likely to be present within the first two days [45] . Despite similarities to MI, the regions of contractile dysfunction and abnormalities in myocardial sympathetic innervation still demonstrate normal perfusion [46] . Most of the cardiac injury following stroke is completely reversible. In the majority of cases, the return of normal LV function is seen within 5-14 d, sometimes several weeks [47] . Some view acute myocardial ischemic-like changes after stroke as a stress cardiomyopathy similar to Takotsubo cardiomyopathy which presents with ST-segment changes, increased troponin concentrations and hypokinesis or akinesia of the apex LV [8, 47, 48] . Unlike Takotsubo cardiomyopathy, the most common echogenic abnormalities include hypokinesis or akinesia of basal and intraventricular segments with sparing of the apical or global hypokinesis of the LV [10, 47] .
Management
Since the mechanism underlying CCS has been described only recently, there is no clear guideline for its management. Most of the suggestions are to monitor vital signs, cardiovascular functions, and the neurologic status of stroke patients by a dual cardiocerebral approach in the first 3-5 d [34] . According to the recommendations of the American Heart Association/ American Stroke Association for early treatment of AS patients, continuous ECG monitoring and assessment of LV function (ECHO) and cardiac injury biomarkers are crucial for cardiac monitoring, especially during the first 24 h [49] . It helps to screen for any myocardial damage to prevent sudden cardiac death.
ECG changes usually do not require specific treatment, but it is helpful to compare the ECG with a previous ECG. Apart from intensive cardiovascular monitoring, appropriate investigations should be carried to identify other causes or contributors such as cardiac CT or magnetic resonance imaging. Coronary angiography, the key to the diagnosis, is contraindicated during the acute stage of stroke because of the uncertainty about the cause of elevated troponin levels and the high risk of secondary hemorrhagic or procedure-related stroke. At present, doctors are still facing this clinical problem in terms of the best time and method for diagnosis, evaluation, and treatment. According to the existing studies, it is reasonable to believe that the vast majority of signs of myocardial injury during the stroke are due to non-thrombotic conditions. This, however, does not rule out that concomitant CAD and ST-T changes or elevated plasma troponin levels indicated significant atherosclerotic coronary stenosis; therefore, all patients with signs of cardiac involvement during stroke should receive a cardiological follow-up in order to exclude ischemic cardiac disease. Severely affected patients should be evaluated by a cardiologist prior to the initiation of therapy.
Although the best management strategy is subject of debate, most researches agree supportive treatment of stroke-related cardiac abnormalities is preferred. Emerging evidence has shown an association of post-stroke autonomic complications with increases in cardiac adverse events [50] . Treatment focusing on the modulation of underlying neurologic processes in order to maximize recovery is a new therapeutic strategy for stroke management [47, 51] . Since NSM can be induced or enhanced by catecholamines, it seems that phosphodiesterase inhibitors may be effective (milrinone alone or combined with dobutamine) [52] . In addition, β-blockers may play a role by providing cardio-protection or reverse myocytolysis if administered shortly after hospital admittance. Levosimendan, which does not increase myocardial oxygen demands but can play a cardioprotective role, is also recommended in severe cases [8] .
In the acute stage of stroke, when ensuring effective perfusion of brain tissue, blood pressure may fall too low, increasing the burden on the heart, which is liable to suffer malignant arrhythmia and HF. Considering the pathophysiology mechanism of NSM, statins have been demonstrated to have an anti-inflammatory effect, which could protect against myocardial injury in AS as statins slow down the general inflammatory process [53] .
Prognosis
The incidence of poor prognosis in patients with CCS is eight times higher than that in patients without CCS and the mortality rate is four times higher [54] . Higher mortality due to adverse cardiac events occurs throughout the first month after the stroke, especially in patients with small functional deficits [55] . An initially elevated troponin concentration following AS was found to be a powerful predictor of follow-up mortality [56] . Other studies found that elevated plasma troponin levels in AS patients are independently associated with a threefold increase in the risk of death, irrespective of the mechanism underlying the elevated troponin levels [57, 58] . In one study, patients with elevated troponin levels exhibited significantly increased mortality rates over the 5-year follow-up period compared to patients with normal troponin levels [59] . TnI levels of 0.5 μg/L or higher are independently associated with poorer outcomes [60] .
Patients with AS or ACS, especially patients with IS, have many risk factors in common, to a lesser degree also with ICH patients, whereas the pathogenesis of SAH is substantially different. There are currently no data available on the impact of myocardial damage on ICH outcomes. Prospective studies in patients with ICH focusing on concomitant CAD are urgently needed. In addition, the improvement in neuropathology can lead to rapid improvements in cardiac function and complete recovery, as NSM is a fully reversible condition [8] . This view may change in the face of new evidence regarding transplanted hearts that have signs of fibrosis and vasculopathy [22] ; we may have to reconsider the obvious reversibility of dysplastic myocardium. Further research is needed to understand the possibilities and limits of neural plasticity within central autonomic networks.
CONCLUSION
Misinterpretation of ischemic-like ECGs may lead to unnecessary or hazardous interventions and cause undue delay of rehabilitation after stroke. Our objective is to highlight the clinical implications of CCS and we hope the differential diagnoses will be considered in patients with acute CNS diseases.
